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so the shape of the C—Curv e is changed as aging time increased. For

examp le , as the aging time increased; the width of PFZs decreased from

lu to O.37u and from 0.1414 11 to 0.36i,i at the f i r s t  aging temperature of

70°C and 105°C, respectively. If the first aging time is sufficiently

long, the C—Curve in Figure 7 would become far less curved, to

the point where the “C” nature could disappear. Since at low temperature,

high solute and vacancy supersaturations would dominate the nucleation

process, the resulting width of the P-Z would be narrow. Table V shows

that the width of PFZ is greatly reduced from 2.211 for air cooled to

O.6lij for brine quenched. This is due to the increase of vacancy

concentration and the decrease of solute segregation tn the grain

boundaryl14 by increasing quench rate from air cooled to brine quenched.

The br~ne quenched samples after being aged at 135°C for 5 m m .  followed

by 1 hr at 200°C show both homogeneous and hetrogeneous regions of

Drecipitates.

b) Al-Zn—Mg-Ti Alloy

The proposed vacancy , solute (Zn+Mg), arid Ti concentration

profiles for the Ti addition alloy are shown in Figure 6. The vacancy

and Ti concentration profiles have been described earlier. The

solute concentration profile of Al—Zn—Mg as suggested by Doi~ and• 15
Edington is depicted in Figure 7. The addition of Ti to an Al—Zn—Mg

alloy results in an interaction between Ti and solute atoms6. Since

this interaction increases with increasing Ti concentration, the

resultant mobile solute concentration profile would show a relative

maximum, as seen in Figure 6. The size distribution of G.P. zones

— i— __~~ ..~ ._1__ ~~~~~~~~~ ~~~~~ —p ~~~~~ ~~~~~ 
- - — 
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after short time aging at a temperature below TG ~ 
is also indicated

in the fi gure . On aging at 200°C , the density of precipitation

inc reases near the edge of the PFZ (Fi gure 3a) both because of higher

solute and vacancy concentrations as well as the presence of the

more stable G.P. zones in that region. Thus the width of the PFZs

in the Ti addition alloy subjected to two—stage aging treatments was

confined to these regions. Figure 4 shows that the variation in the

width of’ the PFZs of Ti addition alloy samples with fi rst aging

temperature below T
G ~ 

for 5 mm followed by 1 hr at 200°C is small

and that the marked C—Curve is absent . When the samples were direct ly

aged at 200°C for 1 hr without first being aged at a temperature below

TG P  , there was a notable absence of a high density of preci pi tates

near the PFZ edge , as seen in Fi gure 8. The density of precipitate

decreases with increased distance away from the grain boundary in the

two—stage aged Ti addition alloy (Aged 150°C for 5 m m  then at 200°C

for 1 hr) as shown in Figure 9. This observation is opposite to that

of the ternary alloy in which the density of precipitate increpses with

increased distance from the grain boundary. This phenomenon is in

agreement with the proposed vacancy and solute concentration profiles

of the Ti addition alloy .

The density of matrix precipitate was measured in reg ions

away from P”Zs . At these regions , mobile solute and vacancy

— concentrations would be lower for Alloy P than for Alloy Q for each

two—stage aging treatment (Table I II) .  This could be interpreted

as Ti reducing the mobility of Zn end Mg6; thus the number of G.P.

zones or precinitates which form at aging below TG. P . having reached

— ~~- —~~~ --- —• — --•~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~~~ ; _ _
~- -~a - 
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~�-. —‘ , 

.
~~ - ‘  ~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ i, ~~~ - z  — - -



-~ -~~~~~~~~~ 

15

the critical nucleation size at 200°C, is reduced . Nicholson’6

reviewed the possible effects of trace element additions on the

precipitation process In Al—Zn—Mg alloys. One of the effects is

the change of the interface energy of G.P. zones or precipitates , e.g.

Cd In Al—Cu alloys was absorbed at the interface with the precipitate ,

thereby lowering the interface energy . For non—coherent precipitates ,

the interface energy and the disregistry between matrix and precipitate

are important factors to determine the morphology of the precipitate.

The change of the Al lattice parameter per weight per cent Ti in the binary

solid solution is ~~~~~~~~~ Small additions of Ti to an Al—Zn—Mg

alloy are therefore not expected to significantly vary the lattice

parameters of the matrix and/or the precipitate. The change in the

morphology of precipitates due to Ti addition implies the possible

changes in the relative surface energy of crystal planes. The surface

free energies of f.c.c. metals have been observed to vary by about

16% of the mean surface energy .’8 The relative surface free energy

of crystal planes might be lower in the ternary alloy than that in the

Ti addi tion alloy.

CONCLUSION S

1. A model explaining the width of precipitate—free zones as a function

of two—stage aging treatments and alloying addition was developed.

The proposed model was able to explain the observed PFZ microstructure

in Al—Zn—Mg and Al—Zn—Mg—Ti alloys for numerous aging treatments and

— for PFZ widths varying as much as one order of magnitude. When plot—

ted as a function of the first aging temperature , the observed PPZ

wid th followed a C—shaped curve with the smallest width observed at

an intermediate temperature (105°C) and wider PFZ widths at both

higher and lower temperatures .
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2. The Ti addition alloy produces very similar microstructures for

all the first aging temperatures except at room temperature , with

nearly the same width of PFZs (vw 
~~~~ 

and a higher density of

precip itate near the edge of the PFZ than in the mid—grain of

two—stage aging . The absence of the C—Curve for the Ti addition

alloy could be explained in terms of Ti interacting with vacancies

and solute atoms , causing the changes in concentration profiles.

3. The addition of Ti to an Al—Zn—M g alloy reduced the amount of grain

boundary precipitation and the width of precipitate free zone .

It also changed the morphology of the matrix precipitate in the single

aging treatment at 200°C.

4. The Ti addition alloy has less quench sensitivity than that of the

ternary alloy. The width of PFZ decreased from 0.6~.i to O.3p for

the TI addition alloy and from 4i.’ to O.8~.z for the ternary alloy.

The density of the matrix precipitate increased approximately 2

times for the Ti addition alloy and 12 times for the ternary

alloy when changing the quench medium from air cooled to brine

quenched followed by aging at 200°C for 4 hr.
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TABLE CAPTIONS

Table I The line fraction of grain boundary occupied by precipitate

( F ) ,  the length ( L ) ,  and the width (w) of grain boundary

precipitate for air cooled specimens aged at 200°C for 0, 5,

30, and 2140 minutes.

Table II The width of PFZ, the density and the size of matrix precipitate

for brine quenched and air cooled specimens that were aged at

0200 C for 14 hours.

Table III The width of PFZ, the density and the size or matrix precipitate

of air cooled specimens which were aged at various temperatures

below the G.P. zone solvus for 5 mm ., followed by 1 hour at

200°C.

Table IV The variation of aging time of the first aging temperature on

the FFZ, the density and the size of matrix precipitate.

Table V The effect of changing quench medium on the width of PFZ, the

density and the size of matrix precipitate of two—stage aging

treatment of the ternary alloy.
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TABLE I

GRAfT BOUNDARY PRECIPITATE

AGflIG TI~~ P Q
AT 200°C Al—5 .l8Zn— l .79Mg—O. l~~ i Al— 5 .O 6Zn—1. 97~g_O .OO7T j

F o .-i~4 ± 0.06
00 L — 1426 ± 226 A

0
1-1 112 ± 7 6 4

P 0 .28 ± 0. 05 0. 33 ± 0.07
5 mm L 760 ± 298 A 1052 ± 6)4o A

0W 218 ± 96 2146 ± 72A

0.40 ± 0.13 0.63 ± 0 .19
o 030 mm L 1260 ± 1460 A 2366 ± 888 A

0 
01-1 266 ± 146 A 14148 ± 116 A

F 0.59 ± 0.06 o.6~ ± 0 .09

2140 rmin L 2130 ± 685 A 2580 ± 68o A
o 0

‘ii 5145 ± 127 A 790 ± 170 A

F = LINE FRACTI0r~ OF G.B . OCCUPIED BY PPT

L and W : LEUGTH AND WIDTH OF G.B. PPT
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TABLE IV

IrEAT TREATMENT

_ ALLOY P A B C C
0

PFZ (A)  2063 ± 102 17146 ± 110 30140 ± 131 2307 ± 200
P (#/ cn 2 ) xiO~~ 1.2 8.0 0 .56 1. 0

0
L ( A )  570 ± 320 210 ± 80 330 ± 110 360 ± i6o

0 -

~i (A)  210 ± 60 90 ± 30 1)40 ± 60 160 ± 6o

ALLOY Q

PFZ (A) 25260 ± )468o 1716 ± 78 142800 ± 8500 34600 ± 2930
D (#/ cm 2 )x1010 0 .96 6 .0 1.3 2 .3

0
L (A ) 6140 ± 350 320 ± 200 320 ± 110 290 ± 150

0

~ i (A ) 260 ± 120 130 ± 14o 16o ± )4o 16o ± 140

h EAT TREATI1FNT I

(A )  510° C (
~~

) A C .  135° C (5 rim ) 200 °C (Oh )

(B )  510°C (3h ) -
~ A.C.  -

~ 135 °C Cm) -
~~ 200° C (2h )

(C) 510°C (3h ) A .C. ~ 150°C (5 r i m )  P00°c (ih )

(D) 510°C (~~i)  A.C.  150°C (20 m m )  200°C (lh )
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TABLE V

ALLOY Q — A 1— 5 .O6Zn—l. 9TMg—0. OOT Ti

510°C (3 hr) 510°C (3 hr)

+ +

A.C. BRINE (—10°c)

+ 4-

135°C (5 m m )  135°C (5 m m )

+ +

200°C (1 hr) 200°C (1 hr)

0

PFZ (A) “~22 ,l00 ~6iO0
In some G.B.’~~, due to heterogeneous
nucleation , PFZ is not clearly
defined.

MATRIX PPT

D (# / cm 2 ) 14 .5 x io10 
> 20 x 1010

for homogeneous regions

L (A ) 320 ± 100 homogeneous region
> 120 A in diameter

0
W (A ) 130 ~ 50 heterogeneous region — needle—like

> 1000 A in length
“v 100 in width
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Fig. 1 The difference in PFZ of the alloys which were
bri ne quenched then aged at 200°C for 14 hours ;
(a)  the Ti addition alloy , (b )  the ternary
alloy.
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(b)

Fig. 2 The morphology of matrix precipitate in (a)
the Ti addition alloy and (b) the ternary alloy
which were air cooled then aged at 200°C for
14 hours .
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(a)

I
- 

-

~~~~

/
(b)

Fig. 3 (a)  Typical example of the mmc~~ structur e in two—
stage aging for the Ti addition alloy which was
air cooled then aged at 70°C for 5 rain, followed
by 1 hour at 200°C; (b )  the same treatment as (a)
but for the ternary alloy .
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— Vacancy

Conc. 
/

no Ti

I Critical vacanc y
I / concent ration required
I / for preci pitate nucleation

/ / at an aging temperature
- 

>TGp

G.B. 
_ _ _ _ _ _ _ _

~Dist ance
1-~

Fig. 5 The prop osed vacancy concentration pr ofile of the Ti addit i on
alloy (Alloy P) and of the tern ary alloy (Alloy Q) which were
quenched fr om solution temperature.
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Fig. 6 The proposed vacancy, solute , an d Ti concentrati on profi les
for the Ti addi t i on  alloy.
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Fig. 8 The inicrostructure of’ the Ti addition alloy.
The specimens were aged at 200°C for 1 hr

- 

without being age d at a temperature below TG P  
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Fig . 9 The density of precipitate decreases with
increased distance awa~r f rom the grain boundary
of the two—st age aged Ti addition alloy ( aged
at 150°C for 5 m m .  then at 200°C for 1 hr) .
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